Objective: To study the short-term effect of resistant starch (RS) from retrograded high-amylose corn starch (HACS) on the excretion of bile acids and nutrients from the small bowel in humans. Design: Seven healthy ileostomists were given a controlled, constant diet during three days. On days 2 and 3, 100 g/d of one of two test-productsÐdrum-dried ordinary corn starch and autoclaved retrograded HACS, providing 5 and 39 g RS/d, respectivelyÐwas given, in random order. Ileostomy ef¯uents were collected for 24 h per day and analysed for wet weight, dry weight, energy, bile acids and nutrients. Settings: In-patient study at the metabolic ward, Department of Clinical Nutrition, Sahlgrenska University Hospital, Go Èteborg. Results: Consumption of retrograded HACS caused (1) a 42% lower mean excretion of cholic acid (P 0.024); (2) a 42% lower mean wet weight concentration of bile acids (P`0.001); (3) a 70% increased excretion of dry weight (P 0.001); and (4) a 41% increased excretion of energy (P 0.036) compared with consumption of drum-dried ordinary corn starch. Conclusion: The reduced ileal excretion and concentration of cholic acid would be protective regarding colon cancer risk in addition to the increased fermentation substrate provided by RS and other energy-yielding components.
Introduction
Starch is the most important source of energy in the human diet. Most of the ingested starch is easily digested and absorbed in the small intestine, but part of the starchÐ resistant starch (RS)Ðpasses unabsorbed through the small intestine (Anderson et al, 1981; Englyst et al, 1982; Stephen et al, 1983) . RS enters the colon and constitutes, together with dietary ®bre and oligosaccharides, the carbohydrate substrate for bacterial fermentation. In an epidemiological study, the intake of carbohydrates in 12 different countries was compared with the incidence of colorectal cancer. A strong inverse relationship was found between starch consumption (corrected for fat and protein intake) and incidence of bowel cancer (large bowel r 7 0.70; colon r 7 0.76), but no signi®cant relationship between nonstarch polysaccharides and bowel cancer was found (Cassidy et al, 1994) . The mechanisms by which RS may protect against colonic cancer are unknown. However, the content of fermentable substrate in the colon, the formation of short-chain fatty acids (especially butyrate), the pH, and the amount of bile acids exposed to the colonic mucosa may be considered to play an important role in the prevention of colonic cancer (van Munster & Nagengast, 1993) .
The effect of RS on bile acid excretion from the small bowel to the colon and on ileal excretion of energy and nutrients has not previously been reported. The ileostomy model offers a possibility for quantitative studies of the substrate available for transit and for quantitative determination of cholesterol and bile acid excretion from the small bowel (Andersson, 1992; Langkilde et al, 1993) .
The aim of the present study was to investigate the short-term effect of RS on the excretion of bile acids and nutrients from the small bowel in humans. Two maize products, drum-dried ordinary corn-starch and autoclaved retrograded high-amylose corn starch (HACS; Hylon VII) with low and high content of RS, respectively, were incorporated in a controlled diet of seven ileostomy subjects.
Subjects and methods

Subjects
Seven ileostomy subjects volunteered for the study, 4 male and 3 female, mean age 46 years (range 33 ± 57). All were nonobese with an average BMI of 23.6 kg/m 2 (range 19.3 ± 28.3). The subjects had previously been proctocolectomised for ulcerative colitis with only a minor part (less than 10 cm) of the distal ileum removed and had well established ileostomies. All the subjects were in good health without symptoms or signs of small-bowel in¯am-mation or dysfunction. The mean wet weight of the ileostomy¯uid was 622 g/d (range 381 ± 854). No drugs were taken during or one week before the study. All the subjects were nonsmokers. The subjects gave informed consent to the study which was approved to by the Ethical Committee of Sahlgrenska University Hospital.
Study design
The study consisted of one run-in-day followed by two test days. The subjects were given a constant, controlled diet during the study. On days 2 and 3, the subjects were given, in random order, 100 g/d of one of the test products in addition to the basal diet. The test products were included in cheese-buns, sponge cake and a strawberry dessert. The subjects stayed at the hospital during the study and all meals were served at the metabolic ward.
Test products
The products were chosen to provide a considerable difference in RS content without altering the other properties of the products. Two different types of corn starch were used in the study, pregelatinised drum-dried Snow¯ake (25% amylose corn starch, supplied by Cerestar A/S Denmark) and autoclaved Hylon VII (70% amylose corn starch supplied by National Starch). Snow¯ake contains 88 g starch per 100 g of the product as eaten, and Hylon contains 86 g per 100 g as eaten. The Hylon VII starch was autoclaved (starch:water ratio 3:7) in sealed cans at 134 C for 45 min (Ekwall et al, 1995) , and then cooled in water for about 5 min. The autoclaved product was freeze-dried and then milled in an autoclavable mill (Retch) until passing a 0.5 mm sieve. After autoclaving, the Hylon VII starch did not show any gelatinisation endoterm using differential scanning calorimetry (DSC), indicating complete loss of granule crystallinity.
Diets
All the food items were purchased in batches and the same batch was used for all the subjects. The food was prepared in advance in the metabolic kitchen; individual portions of the meals were stored at 7 18 C and were thawed and heated on the day of consumption. The subjects were carefully instructed not to leave any food or to eat anything except the food served. Duplicate portions of each diet were taken for complete analysis. Tables 1 and 2 show the menu and the average analytical compositions of the diets, respectively.
During the study, the subjects were served a diet designed to have a low content of dietary ®bre and RS. Each subject was served a controlled, constant diet adjusted to each individual's energy needs, with incorporation of 100 g/d of one of the test products. The composition of the diets was calculated from analytical data and the Swedish Nutrition tables (National Food Administration (NFA), 1986). The diets and the contribution of various components to total starch, RS and dietary ®bre have been reported in detail elsewhere (Ekwall et al, 1995) .
Sampling procedure
Duplicate portions of all food eaten were taken, quickly frozen, homogenised and freeze-dried to constant weight, before analysis, as previously described (Sandberg et al, 1981) . To avoid bacterial degradation of the ef¯uents, the ileostomy bags were changed every 2 h during the day from 06.00 h until 22.00 h. The same bag was kept during the whole night. Each bag was immediately sealed and frozen on carbon dioxide ice in a Dewar vessel. The frozen bags were delivered every morning to the metabolic laboratory, where the bags were registered and weighed, stored at 7 18 C and freeze-dried to constant weight. The dry ef¯uents from each 24 h period (08.00 h until 08.00 h) were then pooled and homogenised for analysis.
Chemical analyses
Freeze-dried food and ileostomy ef¯uents were analysed with the same methods, and all analyses were made in duplicate. Nitrogen was analysed with a modi®ed microKjeldahl technique. Fat was determined according to van der Kamer et al (1949) . Samples of freeze-dried ileostomy contents and diets were wet-ashed at 300 C in a Tecator system and dissolved in deionised water before magnesium, calcium, zinc and iron were analysed by atomic absorption spectrophotometry (Perkin-Elmer, Model 360) and sodium and potassium were determined by¯ame photometry. Energy in food and ileostomy contents was determined by means of bomb calorimetry. Approximately 1 g of freeze-dried sample was formed as a pellet and ignited in a bomb calorimeter (Gallenkamp Automatic Adiabatic Bomb Calorimeter).
Bile acids and neutral steroids in freeze-dried ileostomy contents were analysed as previously described (Bosaeus et al, 1986) . Brie¯y, internal standards 5-a-cholestane (Sigma Chemical Co., St Louis, MO, USA) and hyodeoxycholic acid (Serva Feinbiochemika, Heidelberg, Germany) were added; ileostomy excreta were saponi®ed and bile acids were deconjugated by alkaline hydrolysis. After extraction and methylation with 2,2-dimethoxypropane, acid and neutral steroids were separated and quanti®ed by GLC using a Varian 3700 system (Varian Instrument, Palo Alto, CA, USA). A 12.5 m SE-54 capillary column was used, with hydrogen as the carrier gas and with¯ame-ionisation detection. The output was calculated as the concentration multiplied by the total dry weight. Cholesterol content of the diet was analysed by the same method. The method for analysing bile acids was checked for recovery of cholic acid in samples with retrograded HACS by using C14-labelled cholic acid. Ileal ef¯uent with a high content of retrograded HACS was mixed with C14-labelled cholic acid and kept at physiological conditions, 37 C, for 4 h. The samples were analysed as described above and the recovery of cholic acid in each step of the method was analysed. The total recovery was 95%.
Calculation and statistical methods
Values are given as means and s.e.m. The mean cholesterol excretion minus dietary cholesterol is expressed as net cholesterol excretion. Mean bile acid plus net cholesterol excretion is termed net sterol excretion which is equivalent to the sterol balance concept used in long-term metabolic studies. In the calculation of energy losses and absorption, the ®gures were corrected for the energy value of protein by using 23.64 kJ/g (5.65 kcal/g), a ®gure often used for the heat of combustion of protein (Reed, 1980) .
Comparison of values from the two dietary periods were made by paired t-test and the software package SYSTAT (Systat Inc, Evanston, Illinois) was used for the calculations.
Results
Ileostomy excretion data for the two periods are shown in Tables 3, 4 and Figure 1 . The mean ileal excretion of starch during the ordinary corn-starch period was 5.1 AE 0.6 g/d, and during the retrograded HACS period was 39 AE 2 g/d, as reported previously (Ekwall et al, 1995) . There was no detectable excretion of glucose, fructose, sucrose or lactose.
During the retrograded HACS period there was a signi®cantly higher mean excretion of wet weight by 20%, 114 AE 16 g/d (mean AE s.e.m.) (P`0.001); of dry weight by 70%, 38 AE 1.8 g/d (P`0.001); and of energy by 41%, 448 AE 167 kJ/d (P 0.036) compared with the ordinary corn starch period.
A signi®cantly lower mean excretion of cholic acid by 42%, 431 AE 144 mmol/d (P 0.024), was seen during the retrograded HACS period compared with the ordinary cornstarch period. Each subject had a lower excretion of cholic acid during the retrograded HACS period. There were no signi®cant changes in excretion of cholesterol or chenodeoxycholic acid between the periods.
The mean concentration of bile acids (cholic acid plus chenodeoxycholic acid) in the wet ileostomy ef¯uents was decreased by 42% (P 0.001), 2.95 to 1.72 mmol/g wet weight, during the retrograded HACS period compared to the ordinary corn-starch period. The mean concentration of bile acids in the dry ileostomy ef¯uents was decreased by 59% (P 0.04), from 30.6 to 12.6 mmol/g dry weight, during the retrograded HACS period compared to the ordinary corn-starch period.
There were no signi®cant differences in small intestinal excretion of fat, nitrogen, sodium, calcium, magnesium, iron or zinc. The excretion of potassium was signi®cantly higher during the retrograded HACS period.
None of the patients experienced any discomfort during the different test periods.
Discussion
Early epidemiological studies showed a correlation between incidence of colon cancer and faecal bile acid output (Hill & Aries, 1971; Reddy & Wynder, 1973) . Secondary bile acids, as deoxycholic and lithocholic acids, have a promoting effect on chemically induced colon cancer in rats (Narisawa et al, 1974; Reddy & Watanabe, 1979; Summerton et al, 1985) and secondary bile acids are also cytotoxic to colonic cells and may damage DNA (Cheah & Bernstein, 1990) , resulting in an increased cell proliferation (Lapre Â & Van der Meer, 1992) . A lowered concentration of bile acids and a reduced Corn starch for ileostomy patients AM Langkilde et al conversion of primary bile acids to secondary bile acids in the colon are therefore considered to constitute one of the mechanisms behind a protective effect against colon cancer.
The main ®nding in the present study was a reduction of cholic acid excretion from the small bowel by 42% induced by the change from 100 g/d of ordinary corn starch to 100 g/d of retrograded HACS. We have earlier found in ileostomy model studies that dietary ®bre can reduce the excretion of bile acids from the small intestine. In a study on 9 ileostomy subjects, 32 g of sugar-beet ®bre reduced cholic acid and chenodeoxycholic acid excretion by 27% and 24%, respectively but increased the cholesterol excretion by 52% (Langkilde et al, 1993) . Addition of 62 g/d of spent brewer's grain to the diet of ileostomy subjects also reduced the excretion of cholic acid and by 21% of chenodeoxycholic acid by 18%, and increased cholesterol excretion by 5% (Zhang et al, 1991) . Moreover, increased amounts of vegetables and fruits in a diet, increasing the amounts of dietary ®bre content from 12 g/d to 28 g/d, induced an increased excretion of cholesterol by 56% but no consistent change in bile acid excretion (Ellega Êrd & Bosaeus, 1991) . It is thus possible that such effects are a general outcome of addition of common high-®bre foods to the diet if the diet is not made high in oat bran and pectic substances (Andersson, 1995) .
The mechanism behind the increased small-bowel excretion of cholesterol may be related, for example, to plant sterols, while the reduced excretion of bile acids may be a secondary phenomenon induced by a lower absorption of cholesterol (Andersson, 1995) .
In the present study the signi®cantly reduced excretion of cholic acid was not accompanied by an increased excretion of cholesterol. We have earlier made a similar observation in a study with alginates added to a low-®bre diet (Sandberg et al, 1994) . In that study, it was hypothesised that the effect was due to entrapment of substances causing a reduced hormonal response of cholecystokinin and a reduced bile acid secretion. It is possible that the physiochemical properties of retrograded HACS may have a similar effect on the hormonal response, but that would have given a reduced excretion of chenodeoxycholic acid also. There is no evident explanation of the ®nding of a decrease of only cholic acid excretion and not of chenodeoxycholic acid. The reason could be either an enhanced uptake of cholic acid or a reduced production of cholic acid.
Findings of different changes in cholic and chenodeoxycholic acid excretion, respectively, in bile, on addition of dietary ®bres to the diet of healthy individuals, have been reported earlier. Addition of wheat bran (30 ± 57 g/d) or lactulose to the diet in healthy individuals decreased the content of deoxycholic acid and increased the content of chenodeoxycholic acid in bile, whereas cholic acid remained unchanged (Pomare & Heaton, 1973; Pomare et al, 1976 , Wicks et al, 1978 Thornton & Heaton, 1981; Nagengast et al, 1988) . In subjects with an intact intestine, deoxycholic acid is formed after bacterial dehydroxylation of cholic acid excreted from the small intestine to the large intestine. In ileostomy subjects we ®nd very low values of secondary bile acids, such as deoxycholic acid, owing to the absence of the colon. In an earlier ileostomy study on addition of wheat bran in a lower amount (16 g/d) to the diet, we did not ®nd any signi®cant change in bile acid excretion (Bosaeus et al, 1986) .
Two pathways of bile acid synthesis have been identi®ed in the model of hepatic bile acid synthesis in man; thè neutral' and`acidic' pathways, which lead to the formation of cholic acid and chenodeoxycholic acid, respectively (Axelson & Sjo Èvall, 1990) . These pathways are separately regulated. The rate-limiting enzyme in bile acid synthesis in the liver is cholesterol 7a-hydroxylase (Bjo Èrkhem, 1985) . When the activity of cholesterol 7a-hydroxylase is high the neutral pathway is considered to be the most important, and when the activity of 7a-hydroxylase is low the acidic pathway is considered to be the most important (Axelson & Sjo Èvall, 1990) . The activity of cholesterol 7a-hydroxylase is sensitive to feedback regulation by bile acids and it could, very speculatively, be possible that dietary factors, through an acute decrease of bile acid excretion, decrease the activity of cholesterol 7a-hydroxylase and thereby shift the production of bile acids to thè acidic' pathway, resulting in a relatively lower excretion of cholic acid than of chenodeoxycholic acid.
Starch malabsorption, induced by acarbose treatment, have earlier been shown to give a decreased concentration of neutral sterols and secondary bile acids in faeces in healthy volunteers (Bartram et al, 1991) . Further, rats fed high-starch diets have shown a lowered colonic proliferation and lower concentration of total bile acids in faeces than high-sucrose-fed controls (Caderni et al, 1993) . The addition of 45 g/d of high-amylose corn starch to the diet of 14 healthy volunteers not only increased the excretion of primary bile acids and decreased the concentration of soluble deoxycholic acid in faeces but also decreased the colonic mucosal proliferation in rectal biopsies (van Munster et al, 1994) . The authors speculated that RS consumption decreases colonic proliferation as a result of the decreased formation of cytotoxic deoxycholic acids, possibly mediated through acidi®cation of the large bowel through production of short-chain fatty acids. In a recent in vitro study, the effect of starch fermentation on bile acid metabolism by colonic bacteria was investigated (Christl et al, 1995) .
Formation of secondary bile acids by faecal bacteria was inhibited when starch was simultaneously fermented, an effect that was mainly explained by reduction of pH. In the present study, the reduced cholic acid secretion to the large bowel, and especially the decreased concentration of bile acids in the ileal ef¯uents, induced by the retrograded high amylose corn starch suggests a further explanation of the reduction of deoxycholic acid in faeces.
The increased RS excretion and accompanied increase in dry weight suggest a cancer-protective effect by diluting carcinogenic substances and providing more substrate for fermentation. Different RS sources may have different effects and there are several possible mechanisms by which a cancer protective effect might be mediated. In a recent study two diets that differed in RS concentration (5.0 AE 0.4 and 39.0 AE 3.0 g/d) were fed to 11 healthy volunteers for 3 weeks each (Phillips et al, 1995) . The high-RS diet produced an increase in total faecal output from 138 AE 22 to 197 AE 37 g/d, lowered faecal pH, and increased the faecal concentration and daily excretion of butyrate by 38% and 100%, respectively.
Low faecal stool weight is common in westernised populations and is associated with increased risk of colon cancer (Cummings et al, 1992) . Dietary ®bre (NSP) as well as RS are known to increase stool weight (Scheppach et al, 1988; Cummings et al, 1992 Cummings et al, , 1996 ; MLA Heijnen et al, Corn starch for ileostomy patients AM Langkilde et al manuscript submitted). Moreover, more fermentable carbohydrates entering the colon would increase the production of short-chain fatty acids such as propionate, acetate and butyrate, and lower pH. Butyrate is the preferred energy source for the coloncytes and may have a direct protective effect on proliferating processes in the colonic mucosa (Roediger, 1980; Gum et al, 1987; Rowe & Bayless, 1992) . It is also to be observed that fermentation of starch appears to produce more butyrate compared with dietary ®bre (Scheppach et al, 1988; Mathers and Dawson, 1991; Weaver et al, 1992; Silvester et al, 1995) .
The increased excretion of dry weight and energy during the HACS period in the present study was exclusively accounted for by the extra excretion of starch. There was no increase in excretion of fat or nitrogen. We did ®nd a small, but signi®cant, increase in the excretion of potassium during the retrograded HACS period, but no changes in sodium excretion, or in excretion of sodium, calcium, magnesium or iron.
In conclusion, the ®ndings of the present study support the hypothesis that RS could be protective against colon cancer. This protective effect can be mediated in different ways. In the present study comparing drum-dried ordinary corn starch and retrograded HACS we found that retrograded HACS (1) reduced the excretion of cholic acid from the small bowel and lowered the concentration of bile acids in the intestinal content reaching the colon; (2) increased the excretion of fermentable substrate from the small bowel due to RS only. This would be expected to decrease pH, decrease the conversion of primary bile acids to secondary acids and preferentially increase the production of butyrate.
